Abstract. Enterohepatic recirculation (EHC) can greatly enhance plasma drug exposures and therapeutic effects. This study aimed to develop a population pharmacokinetic model that can simultaneously characterize the extent and time-course of EHC in three species using fimasartan, a novel angiotensin II receptor blocker, as a model drug. All fimasartan plasma concentration profiles in 32 rats (intravenous doses, 0.3-3 mg/kg; oral doses, 1-10 mg/kg), 34 dogs (intravenous doses, 0.3-1 mg/kg; oral doses, 1-10 mg/kg), and 42 healthy volunteers (single or multiple oral doses, 20-480 mg) were determined via liquid chromatography-tandem mass spectrometry (LC-MS/MS) and simultaneously modeled in S-ADAPT. The proposed model quantitatively characterized EHC in three species after oral and intravenous dosing. The median (range) fraction of drug undergoing recirculation was 76.3% (64.9-88.7%) in rats, 33.3% (24.0-45.9%) in dogs, and 65.6% (56.5-72.0%) in humans. In the presence compared with the absence of EHC, the area under the curve in plasma was predicted to be 4.22-fold (2.85-8.85) as high in rats, 1.50-fold (1.32-1.85) in dogs, and 2.91-fold (2.30-3.57) in humans. The modeled oral bioavailability in rats (median (range), 38.7% (20.0-59.8%)) and dogs (median, 7.13% to 15.4%, depending on the formulation) matched the non-compartmental estimates well. In humans, the predicted oral bioavailability was 25.1% (15.1-43.9%) under fasting and 18.2% (12.2-31.0%) under fed conditions. The allometrically scaled area under the curve predicted from rats was 420 ng⋅h/mL for 60 mg fimasartan compared with 424±63 ng⋅h/mL observed in humans. The developed population pharmacokinetic model can be utilized to characterize the impact of EHC on plasma drug exposure in animals and humans.
INTRODUCTION
Enterohepatic recirculation (EHC) involves drug in the liver that is excreted via bile into the small intestine and subsequently reabsorbed. It is known to be a common pharmacokinetic (PK) characteristic of angiotensin II receptor blockers (ARBs) such as fimasartan, losartan, irbesartan, and telmisartan (1) (2) (3) (4) (5) and other drug classes (6) (7) (8) with considerable biliary excretion. Extensive EHC leads to multiple peaks (or "shoulders") in the plasma concentration time profiles and a prolonged terminal halflife. While second peaks after oral administration can be caused by complex absorption kinetics (9) (10) (11) (12) , the presence of multiple peaks after intravenous (IV) dosing strongly suggests the presence of EHC. The increased drug exposure and prolonged terminal half-life due to EHC can be pharmacologically important and enhance therapeutic effects (8) .
Fimasartan (Kanarb®, Boryung Pharm. Co., Ltd) is a novel ARB approved by the Korean Ministry of Food and Drug Safety (MFDS) in 2010 for the treatment of mild to moderate hypertension. Fimasartan provides a selective angiotensin II type 1 (AT1) receptor antagonist effect, and its affinity to the AT1 receptor is greater than that of losartan (13) . In contrast to other ARBs, fimasartan did not show partial agonistic effects on the angiotensin II receptor in animal models (13) . Consequently, phases II and III studies demonstrated a higher potency and stronger efficacy of fimasartan compared with losartan with a rapid onset of antihypertensive effect (14, 15) . Jürgen B. Bulitta and Beom Soo Shin contributed equally to this work.
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A recent preclinical study (16) indicated that fimasartan is mainly excreted via feces; and multiple peaks in the plasma concentration-time profiles were observed both after oral and IV administration, suggesting the presence of EHC. Multiple plasma concentration peaks were also present after oral administration of fimasartan in clinical trials (17) (18) (19) (20) (21) (22) , indicating that EHC impacts on human PK and potentially pharmacodynamics (PD). It is therefore important to quantitatively understand how EHC affects the systemic fimasartan exposure to enable animal to human scaling and ultimately the prediction of first-in-human (FIH) PK. However, predicting the PK of compounds undergoing considerable EHC is not straightforward (23) .
Models for EHC have been developed for various drugs using plasma concentrations after a single IV or oral dose (24, 25) . These models typically describe the time of onset of EHC by a single on/off switch (i.e., a "lag-time") (26) or characterize the periodic time-course of EHC via a sine function (27, 28) . To our knowledge, all published models only characterized EHC in one species and did not fit plasma concentration time profiles in the presence of EHC after multiple dosing.
Our aims were to develop a population model that can quantitatively describe and compare EHC in rats, dogs, and humans and characterize the impact of EHC following IV and single and multiple oral doses. Additionally, we sought to compare the rate and extent of absorption for three different fimasartan formulations and predict absolute oral bioavailability in humans. This approach is expected to provide detailed insights into the extent and time-course of EHC and thereby support the optimization of dosage regimens for patients.
MATERIALS AND METHODS

Chemicals and Reagents
Fimasartan and the internal standard (BR-A-563) (29) were supplied by Boryung Pharm. Co., Ltd. (Seoul, Korea). Zoletil 50® (tiletamine/zolazepam=125/125 mg) was purchased from Virbac Laboratory (Carros cedex, France), high-performance liquid chromatography (HPLC)-grade acetonitrile, methanol, and distilled water from Mallinckrodt Baker (Phillipsburg, NJ), and formic acid from Aldrich Chemicals (Milwaukee, WI). Heparin sodium and saline were obtained from Choong Wae Pharma (Seoul, Korea).
Data Sets
The PK profiles of fimasartan from 32 rats (intravenous doses, 0.3-3 mg/kg; oral doses, 1-10 mg/kg), 34 dogs (intravenous doses, 0.3-1 mg/kg; oral doses, 1-10 mg/kg), and 42 healthy volunteers (single or multiple oral doses, 20-480 mg) were assessed. The rat (16) and human (21) data have been published previously, and the dog data were generated in the present study and are presented for the first time. The data sets included in our modeling analysis are summarized in the supplement Table S1 .
Animal Experiments
All animal studies were conducted following the Guidelines for the Care and Use of Animals. The studies were approved by the Ethics Committee for the Treatment of Laboratory Animals at Boryung Pharm. Co., Ltd. and the Catholic University of Daegu.
Rat Studies. Sprague-Dawley rats were anesthetized with 20 mg/kg Zoletil 50® (tiletamine HCl 125 mg/5 mL+zolazepam HCl 125 mg/5 mL) and cannulated in the right jugular and femoral veins for IV injection and the right jugular vein for rats receiving oral dosing as described previously (16) . Dog Studies. Beagle dogs (24 males, 10 females, 5.5 months old) were obtained from Marshall BioResources (Beijing, China). For IV injection, a catheter was placed and fixed in the cephalic vein of the front leg. Fimasartan was dissolved in distilled water, and the drug solution (0.3 and 1 mg/kg; n=6 for each group) was dosed as a bolus via the catheter followed by flushing. Blood samples of 3 mL were collected from the cephalic vein at pre-dose (within 5 min) and at 5, 10, 20, and 30 min and 1, 1.5, 2, 3, 4, 6, 8, 12, 16, 20, 24, 48 , and 72 h after IV injection.
For oral administration, three different fimasartan formulations were used; i.e., an oral solution, capsule, and tablet. For the solution, fimasartan was dissolved in distilled water (dosed at 3 mg/kg, n=8). The capsules were filled with appropriate amounts of fimasartan using doses of 1, 3, and 10 mg/kg (n=3, each). The tablet was identical to that available on the market (60 mg/tablet, equivalent to a dose of 6 mg/kg in dogs, n=5). All dogs were studied under fasting conditions. After dosing, 3 mL of blood were collected from the cephalic vein at pre-dose (within 5 min), and at 10, 20, and 30 min and 1, 1.5, 2, 3, 4, 6, 8, 12, 16, 20, 24, 48 , and 72 h. Plasma was obtained by centrifugation at 15,000×g at 4°C for 10 min and immediately frozen and stored at −70°C until analysis.
Clinical Studies
The single dose PK of fimasartan was assessed in a randomized, double-blind study (21) following oral administration of a tablet formulation containing 20, 60, 120, 240, and 480 mg fimasartan to 30 healthy subjects (six subjects per dose group). Five of the six subjects in the 240-mg group also received 240 mg fimasartan in the fed state after a wash-out period of 7 days as described previously (21) . We additionally used data from a randomized, double-blind, multiple-dose PK study which included 12 subjects receiving oral doses of 120 or 360 mg fimasartan every 24 h for 7 days. Detailed PK profiles were obtained on days 1 and 7 (21) .
Determination of Fimasartan Concentration by LC-MS/MS
The fimasartan plasma concentrations in rats (16) and humans (21) were determined by liquid chromatographytandem mass spectrometry (LC-MS/MS) as described previously. Fimasartan plasma concentrations in dogs were determined by a newly developed LC-MS/MS assay. Briefly, 75 μL of 1% formic acid, 1 mL of ethyl acetate and hexane mixture (80:20, v/v), and 25 μL of internal standard solution (BR-A-563 at 200 ng/mL in 50% methanol) were added to 250 μL of the plasma samples. The tubes were vigorously shaken with a vortex mixer for 5 min followed by centrifugation for 5 min at 15,000×g at 4°C. The supernatant (∼900 μL) was transferred to a polypropylene tube and evaporated under N 2 at 40°C. The residue of each evaporated sample was reconstituted with 80 μL of mobile phase and mixed for 5 min. The reconstituted solution was then transferred to a 2 mL microfilter tube and centrifuged. The filtered solution (10 μL) was injected into the LC-MS/MS system.
The LC-MS/MS instrument comprised an API 3000 mass spectrometer (Applied Biosystems/MDS Sciex, Toronto, Canada) coupled with an Agilent 1100 HPLC (Agilent Technologies, Santa Clara, CA, USA). Fimasartan was separated on a Capcell Pak C 18 column 50×2.0 mm, i.d., 3 μm (Shiseido, Tokyo, Japan). The isocratic mobile phase composition was a mixture of 0.1% acetic acid in acetonitrile and 0.1% acetic acid in 1 mM ammonium acetate (70:30, v/v). The flow rate of the mobile phase was set to 0.2 mL/min, and the column oven temperature was 30°C. The mass spectrometer was operated using electron spray ionization (ESI) with negative ion mode. The transition of the precursors to the product ion was monitored at 500.7→220.95 for fimasartan and 524.16→205.05 for the internal standard (BR-A-563).
The lower limit of quantification of the LC-MS/MS assay was 0.2 ng/mL for rat and dog plasma and 0.4 ng/mL for human plasma. The method was validated by using the matrix-matched quality control (QC) samples (including QC samples at the lower limit of quantification). The intra-and inter-day accuracy and precision ranged from 90.8% to 108.0% and 2.4% to 13.4% for rat plasma, from 93.9% to 105.9% and 1.6% to 7.2% for dog plasma, and from 94.8% to 105.5% and 3.2% to 11.9% for human plasma.
Population Pharmacokinetic Modeling
The overall model development process is summarized in Fig. 1 . Initially, we developed models for rats, dogs and humans separately (step 1). Then the final model was developed to simultaneously describe the data for all species, doses, and routes of administration (step 2). To illustrate the capabilities of the proposed EHC model, we additionally examined whether the human PK profile could be predicted via allometric scaling using the models developed based on the rat and dog data (step 3).
Structural Model. Drug dissolution (rate constant: k dis ; for the tablet and capsule formulations), transfer from the stomach into the gut compartment (k lag ), and absorption from the gut compartment (k abs ) were described by first-order processes (Fig. 2) . The differential equations for undissolved drug, i.e., for the tablet and capsule formulations (X Solid ) and dissolved drug in the stomach (X Stom ) were:
The F Cap is the relative bioavailability of the capsule formulation in dogs compared with the oral tablet and oral solution (F Cap was fixed to 1.0 for the tablet and solution). The F Food, Rel represents the relative bioavailability of the tablet (240 mg dose) in the fed compared with the fasting state in humans (F Food, Rel was fixed to 1.0 for all doses in the fasting state). All initial conditions were zero, unless stated otherwise (Fig. 2 shows compartments receiving bolus doses). Our model was simplified, as fimasartan was absorbed from the gut either into the central or the liver compartment and the associated fraction entering the liver compartment (Fr Liver ) was estimated. The differential equation for fimasartan in gut (X Gut ) was:
The k Bile-Gut (t) is the time-dependent first-order rate constant (see below) for the transfer of fimasartan from bile into gut.
The systemic disposition of fimasartan was described by linear models with a central and one or two peripheral compartment(s). There was no clearance directly from the central compartment; instead, fimasartan transferred from the central into the liver compartment (clearance: CLd 1−Liv ). The differential equations for the amounts of drug in the central (X 1 ), shallow peripheral (X 2 ), and deep peripheral compartment (X 3 ) were:
The C 1 , C 2 , and C 3 are the fimasartan concentrations in the respective compartment and CLd Shallow and CLd Deep are the distribution clearances to the shallow and deep peripheral compartment. Fimasartan in the liver compartment was either eliminated (first-order rate constant: k el ) or transferred into the bile compartment (k Liv-Bile ):
Transfer of fimasartan from bile into the gut compartment, which represents regular gall bladder emptying, was described by an inducible first-order process (k Bile-Gut (t)): Overall model development strategy. Initially, population PK models for rats, dogs, and humans were developed separately based on the same structural model for each species (step 1). Then, the final model was developed to simultaneously describe the data for all species, doses, and routes of administration (step 2). Additionally, we examined whether human PK profiles could be predicted by allometric scaling based on the rat model and the dog model (step 3)
The first-order rate constant k Bile-Gut (t) could change over time, if the bile flow rate (X Bile_Flow ) was stimulated. The bile flow rate was described by a turnover model.
The production and dissipation of the bile flow (X Bile_Flow ) were described by a zero-order input rate (K in = k out (1+Stim Bile_Flow )) and a first-order loss rate constant (k out ), respectively. As rats lack a gall bladder, they were assumed to have a continuous bile flow that may increase under the effect of food. Therefore, the model included a (small) baseline bile flow rate. The input rate could be stimulated using the variable Stim Bile_Flow which represents the fold increase of bile flow rate. The Stim Bile_Flow was equal to Smax if the modulus of time past the first dose (mod(Time dose1 , 24 h)) was between the time of onset (T On ) and the time of offset of bile flow stimulation (T Off ):
The Stim Bile_Flow was zero during other times. The mod (Time dose1 , 24 h) is the remainder of Time dose1 after subtracting the largest multiple of 24 h (i.e., 0, 24, or 48 h, etc.) that is smaller than Time dose1 . For example, mod (Time dose1 , 24 h) equals 8 h for Time dose1 =32 and 5 h for Time dose1 =53 h. This function generates a periodic stimulation of bile flow with a 24-h period length (Fig. 2) .
To assure that all T Off values ranged from T On to 24 h, T Off was calculated by T On plus the fraction (Fr On ) of the bile flow stimulating duration to the remaining time (24 h−T On ) as:
Parameter Variability and Residual Error Model. The BSV was described by a log-normal distribution for all parameters except the fractions that ranged from 0 to 1 and were modeled via a logistic transformation as described previously (30) . We utilized allometric scaling for the volume and clearance parameters to scale between rats, dogs, and humans (31) . An additive plus proportional residual error model was used for the fimasartan concentrations in each species.
Estimation, Simulation, and Non-compartmental Analysis. Population PK model parameters for all species were simultaneously estimated via the importance sampling algorithm in the S-ADAPT software (version 1.57) (30, 32, 33) . Models were compared using the objective function (−1·log-likelihood), plausibility of parameter estimates, and standard diagnostic plots for population modeling (11, 31, 34, 35) . Simulations were performed using Berkeley Madonna (version 8.3.18) to assess the extent and time-course of EHC. Noncompartmental analysis was performed via the linear trapezoidal method in WinNonlin Professional™ (version 5.3, Pharsight, Cary, NC).
Impact of EHC.
To characterize EHC, the fraction of drug undergoing EHC and its contribution to the systemic exposure were estimated. The fraction of an oral dose subject to EHC (Fr EHC ) was calculated by Fr Liver ⋅Fr Liv-Bile . The Fr Liv-Bile was the fraction of drug that transferred from liver into bile and was subsequently reabsorbed. For the proposed model (Fig. 2) , Fr Liv-Bile was calculated as k Liv-Bile /(k Liv-Bile + k el ). Plasma concentration vs. time profiles were simulated following oral dosing of fimasartan every 24 h in humans, dogs, and rats. To evaluate the impact of EHC, plasma concentration profiles without EHC were simulated by removing drug transfer from bile to gut; i.e., drug leaving the bile compartment was assumed to be eliminated instead of entering the gut compartment. Simulations without EHC assumed that bile-cannulation quantitatively collected fimasartan but had no other effect on the PK.
Estimation of Oral Bioavailability. We derived the mathematical solution for the absolute oral bioavailability (F oral ) for a drug with EHC which accounts for an infinite number of EHC cycles for the proposed model. For dosing of the solution or tablet formulation in the fasting state, the bioavailability without EHC in our model is (1−Fr liver ). After the first EHC cycle, the fraction of dose entering the central compartment is Fr EHC ⋅(1−Fr liver ). This fraction is Fr EHC ⋅ Fr EHC ⋅(1−Fr liver ) after two EHC cycles and Fr EHC n ⋅(1− Fr liver ) after n EHC cycles. Thus, the solution for the total fraction of dose entering the central compartment is the sum over all cycles:
This sum over an infinite number of cycles can be described by the fraction 1/(1 − Fr EHC ). Thus, the oral bioavailability is (1/(1−Fr EHC ))-fold larger in the presence of EHC compared with the absence of EHC (F oral, no EHC = 1−Fr Liver ).
Allometric Scaling to Humans. We examined whether human PK profiles of fimasartan could be predicted from rats and dogs. Allometric scaling to humans was performed using the EHC model based on the models for rats or dogs that were obtained during step 1 of model development (Fig. 1) . All parameters for systemic disposition, i.e., V 1 , V 2 , V 3 , CLd 1− Liv , CLd Shallow , and CLd Deep were scaled from rats (270 g body weight) or dogs (10 kg) to humans (75 kg) with standard allometric exponents (0.75 for clearances and 1.0 for volumes). Based on the scaled parameters, human plasma concentration profiles after an oral dose of 60 mg fimasartan were predicted based on the rat data (case A) or the dog data (case C).
As the present study provided parameter estimates for bile flow kinetics in humans, we additionally assessed scaling by using the human estimates for the bile flow kinetic parameters. For this purpose, we substituted the animal bile flow kinetic parameter estimates (i.e., Smax, T On , Fr on , and k out ) with the population means from humans (rat: case B, or dog: case D; Fig. 1 ). All simulated cases (A to D) utilized the clearance and volume of distribution estimates from animals. While cases A and C used the bile flow kinetic parameters estimated in rats or dogs, cases B and D used the four bile flow kinetic parameter estimates from humans.
The scaled plasma concentrations were simulated at the same time points as those obtained in the human phase I study (21) . We then compared the scaled simulated concentrations to the observations in humans. We calculated the apparent terminal half-life (t 1/2 ), as well as the areas under the plasma concentration time curve from 0 to 24 h (AUC 0-24 h ) and from 0 h to infinity (AUC 0-∞ ) via non-compartmental analysis. The scaled AUC 0-24 h, AUC 0-∞ and t 1/2 for cases A to D were compared with the non-compartmental parameter estimates for the phase I study (21) . Additionally, to compare the scaled predicted and observed concentration profiles over time (36) , we calculated the mean relative prediction error (MPE) as a measure of bias:
The C pred, i is the predicted concentration and C obs, i the mean observed concentration at the ith time point and N is the total number of plasma concentrations for each profile.
RESULTS
Systemic Disposition. To describe the systemic disposition of fimasartan, a three-compartment model consisting of a central, a shallow peripheral, and a deep peripheral compartment was superior to a two-compartment model for the rat data (improvement in −2·log-likelihood, 91.1; p<0.0001) and thus chosen as final model (Fig. 2) . Without a deep peripheral compartment, low plasma concentrations in rats could not be fitted.
We initially modeled the rat, dog, and human data separately (Fig. 1 ) using the same model structure and found that most systemic disposition parameters (V 1 , V 2 , CLd Shallow , and CLd Deep ) could be scaled well allometrically (Table I) . However, V 3 and CLd 1−liv differed between species and were thus modeled with separate estimates for each species. Parameters for oral absorption and EHC were estimated separately for each species without scaling. This provided the best curve fits and allowed us to assess differences in the extent and time-course of EHC between rats, dogs, and humans (Figs. 3, 4 , and 5; Figs. S1, S2, S3, and S4).
Absorption. The mean dissolution half-life for the capsule and tablet formulations was 22.4 min in dogs, but the capsule had a lower relative oral bioavailability compared with the tablet (F cap , 57.2%, Table I ). In humans, dissolution/ disintegration was slower for the 20-and 60-mg tablets compared with higher doses (k dis , Table I ). The absorption half-life (ln(2)/k abs : 1.16 min) of dissolved fimasartan from the gut into the central or liver compartment was short in all species, suggesting rapid absorption after dissolution.
The decreased relative bioavailability in the fed state (F Food, Rel ) and for the capsule (F Cap ) was modeled as drug loss during transfer from the stomach to the gut compartment. The model described the fraction of absorbed drug entering the central compartment without any metabolism as (1−Fr liver ) (Fig. 2) . This fraction is equal to the product of the fraction absorbed (F a ), the fraction of drug not metabolized in the gut wall (F g ), and the fraction of drug escaping the liver during the first pass (F h ). Estimation of the parameter Fr Liver allowed us to simplify the model structure. The Fr Liver is the fraction of drug in the gut compartment which enters the liver compartment instead of the systemic circulation (i.e., compartment X 1 ). More specifically, Fr Liver described drug that is to be non-absorbed, metabolized in the gut wall or liver, or secreted into bile with subsequent reabsorption from the gut. Inclusion of Fr Liver significantly improved the curve fits (p<0.0001, likelihood ratio test).
Fimasartan in the liver compartment was subject to firstorder elimination by various process (k el ) and secretion into bile (k Liv-Bile ) (Fig. 2 ). In the model, elimination from the liver compartment (k el ) represented all types of drug loss before the systemic circulation, including unabsorbed drug, drug metabolized in the gut wall or liver, and drug eliminated into bile in a form that is not reabsorbed. The k el did however not represent biliary secretion of metabolite(s) (such as glucuronides) that are reverted to fimasartan and reabsorbed. In the model, all drug (i.e., fimasartan and any reversible metabolites) in the bile compartment were assumed to be reabsorbed. The concentrations of reversible metabolite(s) such as the glucuronide were not quantifiable in plasma, feces, and urine (16); this made it not feasible to include reversible metabolites explicitly in the model. Thus, any metabolite that undergoes reversible metabolism and is subsequently reabsorbed was regarded as fimasartan in the model. Fimasartan transferred from the central compartment into the liver compartment. The reverse process, from the liver into the central compartment, was considered, but the associated clearance was over 500-fold smaller than CLd 1−Liv . As inclusion of clearance from the liver to the central compartment neither improved the curve fits nor the objective function, this process was not included in the final model (Fig. 2) . This model described the extent and time-course of EHC excellently in all species (Figs. 3, 4 , and 5; Figs. S1, S2, S3, and S4) and could capture multiple (i.e., >2) peaks after a single dose (Fig. 3) and EHC after multiple dosing ( Fig. 5; Fig. S3 ). The observed vs. individual or population fitted concentrations were unbiased and reasonably precise in all species (Fig. S4) . The normalized prediction distribution errors (Fig. S4 ) and visual predictive checks (not shown) for each species, formulation, and dose revealed an adequate predictive performance.
Impact of EHC.
The final model enabled quantitative comparisons of EHC among species. The median estimated Fr liver ranged from 91% to 92% in all species (Table II) , suggesting that orally dosed fimasartan undergoes a significant first-pass uptake into the liver. The individual Fr EHC ranged from 56.5% to 88.7% in rats and humans but were less than 46% in dogs indicating less extensive EHC in dogs (Table II) . This was in good agreement with the smaller Oral bioavailability and the area under the plasma concentration-time curve (AUC) after oral dosing of fimasartan with EHC divided by the AUC without EHC was highest in rats and lowest in dogs (Fig. 6) . After a single dose, simulations over 1000 h predicted that the fraction of dose entering the bile compartment was 537% in normal and 84.3% in bile duct-cannulated rats, 60% in normal and 38% in bile duct-cannulated dogs, and 253% in normal and 72% in bile flow shunted humans. In the absence of bile duct cannulation, predicted fractions larger than 100% indicate that fimasartan molecules (including reversible metabolites) underwent on average more than one EHC cycle.
Scaling to Human. Allometrically scaled predictions from rats to humans (cases A and B) and from dogs to humans (cases C and D) are shown in Fig. 7 . When the bile flow kinetic parameters (i.e., Smax, T On , Fr on , and k out ) in humans were combined with the allometrically scaled clearance and volume of distribution estimates from rats (case B), the timing of the second peak due to EHC was better captured compared with case A (Fig. 7a) . The AUC predictions for scaling from rats to humans (cases A and B, Table III) matched the observed AUC better compared with scaling from dogs to humans (cases C and D, Table III , Fig. 7b ). This was in agreement with the substantially smaller extent of EHC in dogs (Table II) and the 2.3-fold higher allometrically scaled clearance (CLd 1−Liv ) in dogs compared with those in humans ( Table I) . Both of these factors led to biased predictions of human PK profiles in the presence of EHC based on the dog data (Fig. 7b) . For rat-to-human scaling, bias was 10% or less (Table III) , whereas dog-to-human scaling yielded a bias of approximately −80% (cases C and D).
Oral Bioavailability. The calculated absolute bioavailability of fimasartan (Eq. 13, Table II) matched the noncompartmental absolute bioavailability estimates in rats (16) and dogs well. In the absence of absolute oral bioavailability data for fimasartan in humans, the model allowed us to predict the absolute oral bioavailability in humans based on the individual PK parameter estimates of the final model (Table II) . The relative oral bioavailability in the fed state was slightly lower than that in the fasting state (F Food, Rel , 83.8%, Table I ) similar to a previous report (37) . Bioavailability of the tablet and solution were similar and significantly higher than bioavailability of the capsule in dogs (F cap , Table I ). 
DISCUSSION
Enterohepatic recirculation can have a pronounced impact on the systemic drug exposure and thus on the pharmacological effects (8) . Conceptually, the extent of EHC is determined by the fraction of drug which is excreted from the liver via bile into the gut and subsequently reabsorbed from the gut into the systemic circulation and the liver. This circulation can involve reversible formation of glucuronide metabolites. While the extent of EHC can be assessed experimentally by bile duct cannulation, this approach has several important limitations including disruption of the physiology and the requirement of complicated experimental procedures which hamper translation to humans. Recently, human biliary clearance was predicted for drugs undergoing EHC based on in vitro systems (such as sandwich cultured human hepatocytes) (38) . Nevertheless, the prediction of human PK for drugs undergoing EHC is not straightforward due to limited knowledge about the expression of hepatobiliary transporter(s) across species. Furthermore, there are considerable differences in the glucuronidase activity between rats, dogs and humans (39) and rats do not have a gall bladder. However, rats may have an increased bile flow rate due to food. Therefore, the extent of EHC may differ considerably between species and may hamper inter-species scaling for drugs with a significant extent of EHC.
Population PK modeling can characterize the impact of EHC on bioavailability and plasma concentration-time profiles. A quantitative understanding and population model for the extent and time-course of EHC in relevant species in view of potential inter-species differences could be valuable for drug development.
Various models for EHC have been developed (8, (24) (25) (26) (27) (28) , including physiologically based PK models with EHC (61) (62) (63) . These models either assumed continuous enterohepatic recirculation (25, (40) (41) (42) , one or multiple secretions of bile using an on/off switch (i.e., "lag-time(s)") (24, 26, (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) or implemented a sine function to describe periodic bile releases (27, 28, 59, 60) . We are not aware of published models that simultaneously quantified EHC across more than one species or described the full time-course of PK profiles after multiple dosing. Thus, it is not well known how to translate the extent and time-course of EHC across species.
We developed the first population model that simultaneously described the extent and time-course of EHC in multiple species (rats, dogs, and humans) after IV and single or multiple oral dosing. This model contained 45 structural parameters that were simultaneously estimated with adequate precision (relative standard errors below 38% for 38 of 45 population means, Table I ). During the development of fimasartan, animal studies showed the occurrence of multiple peaks after IV and oral dosing. As second peaks were also observed after IV dosing, they were likely caused by EHC. We applied population modeling to account for BSVand simultaneously describe EHC of fimasartan across multiple species.
After oral administration, drugs are absorbed through the gastrointestinal membrane and can be metabolized while passing through enterocytes and the liver (i.e., a first-pass effect). The UDP-glucuronosyltransferase (UGT) is responsible for glucuronidation and is widely expressed in the liver and gastrointestinal tract (64) (65) (66) . Morphine, fenoterol, and ARBs such as losartan are extensively glucuronidated in the small intestine (67, 68) . In our previous study (16) , we observed that 11.8% of the total fimasartan dose was recovered in bile as a glucuronide conjugate in bile ductcannulated rats. We did not model data from bile ductcannulated rats due to a potential disturbance of the physiology by cannulation.
Significant first-pass metabolism of fimasartan would result in larger second peaks after oral compared with IV dosing. This was observed in our data and well captured by the proposed model. Modeling indicated that the fraction (Fr EHC ) of drug undergoing enterohepatic recirculation was similar in rats and humans and smaller in dogs (Table II) . Inclusion of a direct absorption process from the gut into the liver compartment (Fr liver ; i.e., a first-pass effect) provided significantly better curve fits (p < 0.0001) indicating a considerable contribution of the first-pass effect. This mechanism explained why the second peaks were much more pronounced after oral compared with IV dosing.
Plasma fimasartan exposure was substantially higher in the presence compared with the absence of EHC in humans and rats (Fig. 6 ). In our model, elimination from the liver includes metabolism of fimasartan as well as biliary elimination of fimasartan and any metabolites that are not reabsorbed from the gut. Fimasartan as parent and its glucuronide metabolite are the most prevalent species in bile (16) , but the glucuronide metabolite is not found in feces, urine, and plasma. We did not model reversible metabolism to maintain a simpler model structure as we described previously (69, 70) . The extent of EHC was similar in rats and humans and smaller in dogs; however, the time-course of EHC differed between rats and humans ( Table I ). The developed model described the time-course of EHC by a turnover process for bile flow (Fig. 2) . Baseline bile flow was normalized to 100% and bile flow was stimulated between times T On and T Off with a maximum fold increase (Smax). The rates of increase and decrease of bile flow over time were captured by the turnover half-life (ln(2)/ k out ). While bile flow could change rapidly in humans (half-life, 0.465 h) and dogs (0.298 h), the turnover halflife in rats was longer (1.75 h) possibly due to rats lacking a gall bladder. The maximum stimulation of bile flow was largest in humans (Smax, 2.22) and smaller in dogs and rats. The extensive stimulation and rapid turnover of bile flow in humans caused pronounced second peaks ( Fig. 5;  Fig. S3 ). Importantly, Smax and the turnover half-life of bile flow only affect the shape of the plasma concentration time curves but not the extent of EHC. The use of a turnover model for bile flow allowed us to excellently capture the timing and shape of multiple peaks (Figs. 3, 4 , and 5) across three species. This approach can implement multiple stimulations of bile flow (e.g., due to food intake) and describe the time-course of bile flow over multiple days (Fig. 5) .
Human PK profiles in the presence of EHC were predicted by this allometrically scaled model based on the rat data ( Fig. 7 ; Table III ). It was beneficial to combine the clearances and volumes of distribution from rats with the estimated bile flow kinetic parameters in humans (case B vs. case A; Figs. 1 and 7) . Future studies will have to show, whether the bile flow kinetic parameters for fimasartan in humans (used in cases B and D) are transferrable to other drugs. The EHC was much less pronounced and CLd 1 − Liv was 2.3-fold higher in dogs compared with humans. Therefore, the human PK predictions based on the dog data were Fig. 6 . Simulated concentrations after oral dosing of fimasartan every 24 h in humans, dogs, and rats. The dashed lines refer to healthy volunteers, dogs and rats that had no enterohepatic recirculation of fimasartan (i.e., in the model, all drug leaving the bile compartment was assumed to be eliminated instead of entering the gut compartment). The area under the curve (AUC) ratio describes the relative drug exposure in the presence compared with the absence of EHC biased and inferior to the translation from rats to humans ( Fig. 7 ; Table III ). Future studies are required to explore whether predictions from rats to humans are better than those from dogs to humans for other drugs undergoing EHC. To our knowledge, this study presents the first attempt of scaling the extent and time-course of EHC from animals to humans. Repeated reabsorption due to EHC may affect oral bioavailability. We derived the equation for the absolute oral bioavailability. This solution for our model was identical to the mathematically proven mass balance solutions for more complex models containing EHC (69, 70) supporting that our model simplifications were adequate. Our model-based estimates for the absolute oral bioavailability in rats and dogs were well comparable with the estimates determined via non-compartmental analysis (Table II) . This demonstrated that the model adequately described oral bioavailability, although we made the modeling assumption that all drug entering the bile is reabsorbed. The higher bioavailability of fimasartan for the tablet compared with the capsule formulation supported the choice to formulate fimasartan as a tablet for use in patients. Finally, modeling enabled us to predict the absolute oral bioavailability with a median of 25.1% in the fasting and 18.2% in the fed state for fimasartan in humans (Table II) . These predictions, in the absence of IV data in humans, are to be confirmed by future clinical studies.
In summary, we developed a population PK model that simultaneously described the extent and timecourse of EHC in rats, dogs, and humans. This model yielded adequate curve fits and highlighted the extensive EHC for fimasartan in rats and humans and a smaller extent of EHC in dogs. The proposed model could describe multiple peaks after single and multiple doses and holds promise to support the characterization of EHC and rational dose selection for fimasartan in humans. Fig. 7 . Predicted plasma concentrations for an oral solution of 60 mg fimasartan based on the rat model or a 60-mg tablet based on the dog model. The allometrically scaled estimates from animals for volumes of distribution (V 1 , V 2 , and V 3 ) and clearances (CL 1 − Liv , CLd Shallow , and CLd Deep ) were used for all scaled human predictions (solid and broken lines). The broken lines represent scaled human predictions from rats (case A) or dogs (case C) using all PK parameter estimates from animals. In contrast, the solid lines represent the scaled human predictions from rats (case B) or dogs (case D) using the human bile flow kinetic parameter estimates (i.e., T On , Smax, Fr On and k out ; Table I ). None of these lines represent curve fits a Bias represents the mean relative prediction error of the fimasartan plasma concentrations at the time points observed in the clinical study (formula provided in the "MATERIALS AND METHODS"). The optimal bias value is 0%
